The effects of a brief jet of water delivered to the anterior portion of body-head on the heart rate of Megalobulimus mogianensis were determined in a group of intact snails (N = 8), previously prepared for electrocardiogram recording. The heart rate was significantly increased following stimulation. Nevertheless, with repetition of the stimulus there was a significant decrease in the magnitude of the heart rate variation and in the time for the basal heart rate to recover (first stimulus, 7.4 ± 1.2 bpm and 15.5 ± 1.8 min; second stimulus, 4.8 ± 1.0 bpm and 10.6 ± 1.5 min; third stimulus, 5.0 ± 0.3 bpm and 11.1 ± 1.8 min), indicating that this behavioral response undergoes early habituation. To determine the role of the cardiac nerve in mediating the heart rate alterations induced by the jet of water two other groups were tested: denervated animals (N = 8) and sham-operated control animals (N = 8). Although the innocuous stimulus caused the heart rate to increase significantly in both experimental groups, the mean increase in heart rate in denervated animals (3.2 ± 0.4 bpm) was 41% of the value obtained in sham-operated animals (7.8 ± 1.5 bpm), indicating that the cardiac nerve is responsible for 59% of the cardioacceleration induced by the innocuous stimulus. The increase in heart rate observed in denervated animals may be due to an increase in venous return promoted by the intense muscular activity associated with the retraction-protraction of the anterior part of the body induced by the jet of water.
It is known that rain, after a drought, stimulates the aestivating snail to emerge from its shell and that non-aestivating pulmonates tend to increase their behavioral activity during or following daytime rain (1) . In addition, we observed that the stimulation by a brief directed jet of water causes the retracted snail to emerge from its shell, whereas completely extended animals (still or in locomotion) exhibit a withdrawal reaction followed by an acceleration of the movements (Romero SMB and Hoffmann A, unpublished data). These behavioral alterations reflect changes in the level of arousal, implying an increase in the general activity level and responsiveness of the animal (2) . Since molluscs have an open-circulatory system and therefore large hemocoelic sinuses, the contraction of body wall musculature changes the distribution of hemolymph within the cephalopedal hemocoel and indirectly affects cardiac activity (3) . Thus, behaviors associated with intense muscular activity such as withdrawal reflexes and locomotion are in general associated with concomitant changes in heart rate (4) (5) (6) .
Several aspects of the defense reaction evoked by a novel (innocuous or noxious) stimulus have been studied in various gastropod species by a number of investigators (5, (7) (8) (9) (10) . Although the pathways which control defensive behaviors often share circuitry with cardiovascular function (11, 12) , the literature concerning the heart rate alterations associated with these behaviors is limited. The effects of the mechanical stimulation of the tail and head on the heart rate of the slug Limax maximus were studied by MacKay and Gelperin (13) and Krontiris-Litowitz (5) reported the effects of cutaneous stimulation on the cardiovascular function of Aplysia californica.
Studies have been conducted in our laboratory to determine the effects of different external and/or internal factors and behavior on the heart rate of the terrestrial snail Megalobulimus mogianensis as well as to establish the relative contribution of intrinsic and neural control (3, 4, 14, 15) . Thus, the objective of the present investigation was to extend previous studies by investigating the effects of an innocuous stimulus represented by a jet of water on the heart rate of these snails and determining the role of the heart innervation in mediating the alterations.
Adult specimens (103-153 g) of M. mogianensis Simone and Leme (= M. sanctipauli sensu Romero and Hoffmann nonPilsbry and Ihering 1900) collected at Santa Rita do Passa Quatro (21º 40' S, 47º 30' W), State of São Paulo, Brazil, were used. The animals were kept in a terrarium and fed green leaves ad libitum once a day. All animals were deprived of food for 4-6 days before the experiments.
To record heart rate, three silver chloride electrodes were chronically implanted into the visceral mass of the animals according to the technique described by Romero and Hoffmann (16) . Polygraphic recordings were obtained at a room temperature of 25ºC, with a Nihon Kohden polygraph model RM-6100 (Nihon Kohden Corporation, Tokyo, Japan). The animals were individually placed in plastic containers (29 x 29 x 14 cm) and transferred to the special room about 3 h before the beginning of the experiments in order to obtain a regular heart rate. All animals were prepared for electrocardiogram recording 48 h before the experiments.
The heart rate of completely extended (still or in locomotion) snails was recorded for about 3 min to evaluate the effects of the innocuous stimulus on cardiac function. Then, a brief jet of water was applied to the anterior portion of the body-head. Reproducible stimuli were delivered by pressing totally and in a single movement a wash bottle of 500 mL placed at a distance of 20 cm from the animal, with a U-shaped 13-mm wide aluminum device applied to its central part. Heart rate was continuously recorded before, during and after stimulation until recovery of basal heart rate. We considered the heart rate obtained post-stimulation to be the highest heart rate recorded after application of the jet of water (1-3 min, in 22 animals). Heart rate data are reported as beats per min (bpm).
We first determined how the innocuous stimulus caused the heart rate to vary in a group of intact animals (N = 8). Each animal was submitted to three stimulations. To prevent probable anticipatory cardiac responses (see Gianaros and Quigley, 17) , a variable interval between stimulations was employed corresponding to the minimal time necessary for basal heart rate to recover (8 to 25 min). In order to investigate the role of the nervous system in mediating these heart rate alterations, two other groups were tested: denervated animals (N = 8) submitted to section of the cardiac nerve (see Romero and Hoffmann, 18) and sham-operated control animals (N = 8) submitted to the same surgical procedure except that the nerve was only localized but left intact. Operated animals were submitted to experimental protocols 8 to 14 days after surgery. Each animal was submitted to only one stimulation. At the end of the experiments each animal was dissected to visually confirm if the nerve had really been severed.
Data from repeated measures made on the same group of animals under different conditions were analyzed statistically by oneway analysis of variance for repeated measures followed by the Newman-Keuls test. Data from two measurements made on the same group of animals were analyzed statistically by the two-tailed paired Student ttest, whereas comparisons between two different groups of animals were made by the two-tailed Student t-test. Associations between two quantitative variables were explored by Pearson coefficient correlation. All comparisons having a probability <0.05 were considered to be significant.
In intact snails the application of a brief jet of water on the anterior portion of the body induces a withdrawal reflex causing the head, the buccal fringes and the tentacles to retract into the mass of the body, a process that is followed by the liberation of the retracted parts. The entire sequence took 23 to 70 s. All the stimulated animals showed an increase in heart rate (P = 0.00039) with mean values ranging from 32.7 ± 1.1 (basal heart rate) to 40.1 ± 0.9 bpm (heart rate poststimulation). Nevertheless, when the stimulus was repeatedly applied there was a decrease in the magnitude of the increase in heart rate ( Figure 1 ). The increase in heart rate induced by the first stimulus (7.4 ± 1.2 bpm) differed significantly from the increases induced by the second and third ones (4.8 ± 1.0 and 5.0 ± 0.3 bpm, respectively), whose values did not differ significantly from one to another. Similarly, the time for the basal heart rate to recover associated with the first stimulus (15.5 ± 1.8 min) differed significantly from the time associated with the subsequent two stimuli (10.6 ± 1.5 and 11.1 ± 1.8 min) which did not differ significantly from one to another. Thus, we used only the heart rate associated with the first stimulation, which was the highest, to evaluate the role of the cardiac nerve in mediating the heart rate increases.
Although the mean time for head retraction-protraction decreased during three stimulations (38 ± 4, 37 ± 6, and 35 ± 4 s) the differences were not statistically significant (Figure 1, inset) . This was probably due to the high values of the standard error of the mean. Figure 2 shows the effect of the innocuous stimulus on the mean heart rate of denervated (N = 8) and sham-operated control animals (N = 8). Although the innocuous stimulus caused the heart rate to increase significantly in both experimental groups Figure 1 . Effect of the repetition of stimuli on mean heart rate increase (lozenges) and mean time for recovery of basal heart rate (circles) in intact specimens of Megalobulimus mogianensis. Heart rate data are reported as bpm and recovery time is reported as min at 25ºC. Data are reported as mean ± SEM for 8 specimens. The inset graph indicates the mean time in seconds of retraction-protraction of the body-head as a function of consecutive stimuli. RT = recovery time; HR = heart rate. *P < 0.05 compared to stimuli 2 and 3 (ANOVA for repeated measures followed by the Newman-Keuls test).
Heart rate increase (bpm) (from 33.4 ± 1.4 to 36.6 ± 1.7 bpm in the denervated group, P = 0.00016; from 32.2 ± 1.1 to 40.0 ± 1.0 bpm in the sham-operated group, P = 0.00105) the increase in heart rate obtained in denervated animals differed significantly from that obtained in sham-operated animals (P = 0.0098). The mean increase in heart rate in denervated animals (3.2 ± 0.4 bpm) was 41% of the value obtained in sham-operated animals (7.8 ± 1.5 bpm), indicating that the cardiac nerve is responsible for 59% of the increase in heart rate induced by the innocuous stimulus. A significant positive correlation (P = 0.0466) between the time for head retraction-protraction and the increase in heart rate was detected in denervated snails.
Our results indicate that stimulating the head of M. mogianensis with a jet of water induces a withdrawal reaction consisting of retraction-protraction of the anterior part of the head-foot, which is always associated with an increase in heart rate. MacKay and Gelperin (13) observed that mechanical caudal stimulation of the slug L. maximus elicited cardioacceleration accompanied by locomotion. Similar stimulation of the head produced cardioinhibition which outlasted the stimulation and was sometimes accompanied by a transient rebound excitation. The increase in heart rate associated with the increase in activity confers an adaptive advantage to the animal since during exercise the blood must deliver more oxygen to the tissues. This can be achieved through an increase of the oxygen extraction from the blood per circuit or by an increase of the cardiac output resulting from an increase of the heart rate and/or of the stroke volume (19) .
Nevertheless, repetition of the stimulus induced a gradual decrease in the magnitude of the heart rate increase, indicating that this behavioral response undergoes early habituation. MacKay and Gelperin (13) also observed in L. maximus that the stimuli lose efficacy with repetition. In A. californica, when the gill-withdrawal reflex was repeatedly evoked by an innocuous stimulus applied to the siphon or mantle shelf, the amplitude of the response showed a marked decrease (7) (8) (9) . According to Kandel (9) , when an animal is exposed to a novel stimulus it first responds with a combination of orienting and defensive reflexes, but if the stimulus proves to be unrewarding or innocuous, the animal will reduce and ultimately suppress its responses to it. Thus, habituation serves to decrease the response to a stimulus whose informational value has decreased as a result of its inconsequential repetition (20) . As stated earlier, the first jet of water probably increased the level of arousal of Megalobulimus, making it unnecessary to respond with the same strength to the other two stimuli. A decrease in the strength of the response when the initially novel stimulus is presented repeatedly confers an adaptive advantage since it reduces energy expenditure and frees the animals to attend to stimuli that are more significant for survival.
Our investigations of the role of the nervous system in mediating the heart rate alterations revealed that the stimulation by a jet of water induces significant increases in heart rate in both sham-operated and denervated animals although the mean increase in the denervated animals was significantly lower than that observed in the snails with an intact cardiac nerve. Our results indicate that the cardiac nerve is responsible for 59% of the increase in heart rate induced by the innocuous stimulus. In agreement with these reHeart rate increase (bpm) Mean heart rate increase associated with the delivery of a jet of water to the headbody of sham-operated and denervated specimens of Megalobulimus mogianensis. Heart rate data are reported as bpm at 25ºC. Data are reported as mean ± SEM for 8 specimens in each group. *P = 0.001 compared to sham-operated animals (Student t-test).
